ABSTRACT: The main factors triggering and releasing bud dormancy are photoperiod and temperature. Their individual and combined effects are complex and change along a transition from a dormant to a non-dormant state. Despite the number of studies reporting the effects of temperature and photoperiod on dormancy release and budburst, information on the parameters defining these relationships is scarce. The aim of the present study was to investigate the effects and interaction of temperature and photoperiod on the rates of dormancy induction and release in Betula pubescens (Ehrh.) in order to develop a conceptual model of budburst for this species. We performed a series of controlled environment experiments in which temperature and photoperiod were varied during different phases of dormancy in B. pubescens clones. Endodormancy was induced by short days and low temperatures, and released by exposure to a minimal period of chilling temperatures. Photoperiod during exposure to chilling temperatures did not affect budburst. Longer exposure to chilling increased growth capability (growth rate at a given forcing temperature) and decreased the time to budburst. During the forcing phase, budburst was promoted by photoperiods above a critical threshold, which was not constant, but decreased upon longer chilling exposures. These relationships between photoperiod and temperature have, as yet, not been integrated into the commonly used processbased phenological models. We suggest models should account for these relationships to increase the accuracy of their predictions under future climate conditions. KEY WORDS: Betula pubescens · Controlled environment experiments · Phenology · Photoperiod · Temperature · Dormancy · Budburst
INTRODUCTION
A growing number of studies worldwide have reported changes in plant and animal life cycles in response to current climate change (for reviews see Peñu-elas & Filella 2001 , Parmesan & Yohe 2003 , Root et al. 2003 , Menzel et al. 2006 . Most of these phenological changes are highly correlated with changes in temperature, and a trend for advanced spring events (such as leaf unfolding or flowering) is apparent for many species (Sparks & Menzel 2002 , Root et al. 2003 , Menzel et al. 2006 .
In order to predict and attempt to mitigate the impacts of climate change, in particular rising temperature, it is crucial to understand the effect climate plays on plant growth, of which budburst is one aspect. However, the lack of understanding of the physiological mechanisms regulating dormancy makes it difficult to develop widely applicable predictive models of budburst (Hänninen 1995 , Arora et al. 2003 .
Experimental evidence shows that in many tree species, the main factors triggering and releasing dormancy are photoperiod and temperature (Downs & Borthwick 1956 , Murray et al. 1989 , Myking & Heide 1995 , Thomas & Vince Prue 1997 . The action of these environmental drivers is complex and changes along the transition from a dormant to a non-dormant state. In addition, it has been shown that photoperiod and temperature interact at various stages during dormancy induction, release and quiescence (Håbjørg 1972 , Junttila 1980 , Heide 1993 , 2003 , Myking & Heide 1995 , Partanen et al. 2001 .
Photoperiod affects the time at which buds enter a phase of winter rest. Short days (ShDs) signal the onset of winter, which, in turn, triggers decreasing 'growth competence' (growth capability). Once the plant has been exposed to a certain number of dormancyinductive days (dormancy induction requirement), the phase of endodormancy is reached, a period during which buds do not grow even under favourable environmental conditions (Downs & Borthwick 1956 , Håb-jørg 1972 , Howe et al. 1996 , Thomas & Vince Prue 1997 , Welling et al. 1997 .
Chilling temperatures are the main trigger for endodormancy release (Perry 1971 , Sarvas 1974 , Cannell & Smith 1983 , Battey 2000 . The concept of 'chilling temperature' is not clearly defined, and a consistent response to chilling has not been detected in dormant plants. To date, it is not known whether photoperiod plays a role in chilling fulfilment, i.e. if it affects chilling efficiency for a given temperature during endodormancy release.
After the release of endodormancy, warm temperatures stimulate growth in buds, which then enter the phase of ecodormancy, i.e. have the ability to resume growth when exposed to growth-promoting signals (forcing conditions). During this phase the rate of growth is proportional to temperature. Ecodormant buds burst upon accumulation of a certain heat requirement (Perry 1971 , Hänninen 1990 , Battey 2000 . However, it has been shown in some species that additional chilling during this period decreases the heat requirement for budburst to occur (Nienstaedt 1966 , Landsberg 1974 , Couvillon & Erez 1980 , Heide 1993 , Myking & Heide 1995 . Photoperiod has been found to interact with temperature during the ecodormant period. In Betula pubescens and B. pendula, long days (LDs) appear to substitute partially for the effect of low temperatures and decrease the heat requirement for budburst to occur (Myking & Heide 1995) . The response of the rate of bud growth of young seedlings to increasing temperature has a sigmoidal shape (Sarvas 1972) .
Despite the number of studies reporting the effects of temperature and photoperiod on dormancy release and budburst, information on the parameters defining these relationships is scarce (Kramer 1994 , Hänninen 2006 . The development of a process-based model of budburst requires a quantitative description of the interactions between the factors conditioning budburst timing, and their control of the transitions from one sub-phase of dormancy to the next. The integration of these interactions in a coherent model structure can only be obtained through inter-comparable experiments linking together observed processes and measuring the rates of plant response to changes in environmental drivers (Hänninen 2006) .
The aim of the present study was to investigate the effects and interaction of temperature and photoperiod on the rates of dormancy induction and release in Betula pubescens, through a set of experiments, in order to develop a conceptual model of dormancy for this species.
More specifically, we aimed: (1) to quantify the effects of photoperiod and temperature on dormancy induction requirements and determine the effect of their interactions on subsequent bud growth, (2) to quantify chilling requirements, (3) to test the interaction between photoperiod and chilling exposure on budburst rate and percentage, (4) to parameterise the sigmoidal function describing the rate of budburst at different forcing temperatures and (5) to integrate these experimental results with previous findings in order to develop a conceptual model of dormancy, which has been mathematically formalized (Caffarra et al. 2011, this issue) The present study was conducted on Betula pubescens (birch) because it is widely distributed at boreal and temperate latitudes (Atkinson 1992) , where climate is warming more rapidly than in other regions (IPCC 2007) . Alteration in the phenology of B. pubescens is thus likely and may have important consequences for ecosystem dynamics in these regions.
MATERIALS AND METHODS

Selection and vegetative propagation of the experimental material
The experiments were conducted on the Betula pubescens (Ehrh.) (birch) clone grown in the International Phenological Gardens (IPGs) network, which comprises 89 garden sites throughout Europe (www. agrar.hu-berlin.de/struktur/institute/nptw/agrarmet/ phaenologie/ipg/ipg_allg-e). The clone under study, originally from Germany, was propagated vegetatively, in order to obtain experimental material with a homogenous genotype, and therefore any observed differences could be attributed to environmental conditions rather than genotypical differences among plants. The clones in the current experiments were propagated using softwood cuttings, taken from the soft, new growth of the tree, as described by Hartmann et al. (1997) . In 2003 we took 300 softwood cuttings from the B. pubescens IPG clone growing at the John Fitzgerald Kennedy Arboretum in Wexford (Ireland, IPG No.14) . After collection, the softwood cuttings were treated with rooting powder (0.4% 1-naphthaleneacetic acid, NAA) and placed in compost-filled trays before being transferred to a mist unit until rooting took place (approximately 6 wk later). The rooted cuttings were potted in 1 l pots with John Innes No. 3 compost. The same procedure was followed in 2004. Table 1) . The experiments were designed to investigate the primary effects and interactions of temperature and photoperiod during the different phases of bud development and growth on the timing and percentage of budburst (BBCH Scale Phase 09: green shoot tips clearly visible). Observations were recorded every 2 or 3 d following the initiation of forcing conditions, for a period of 80 d. The experiments were divided into 3 sequential phases, referred to as 'dormancy induction', 'chilling' and 'forcing'. The actual physiological transitions occurring as a result of these combinations of treatments were inferred through observation of the subsequent budburst responses. A summarised description of the experiments, including their aims and underlying hypotheses, is shown in Table 1 . The experiments were conducted either on sets of rooted shoots or on sets of cuttings, each containing 1 bud, taken from the central portion of the branches of the clones and cut into 3-5 cm long segments. These 1-node cuttings were protected with Parafilm at their distal end, to prevent water loss and desiccation, and placed in compost-filled trays before being transferred into experimental conditions. The experimental material was watered regularly, and the compost remained moist at all times. All treatments that took place in the growth cabinets (Sanyo Fitotron 600 l Sanyo-Gallenkamp and Fisons Fitotron 600H, Fisons Scientific) received a photon flux density of 170 ± 10 µmol m -2 s -1
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, with a red/far red ratio varying between 7 and 9 (quantum sensor: Li-Cor) unless otherwise indicated. The treatments that took place in the heated glasshouse received natural day length and an average temperature of about 15°C, but never falling below 12°C. Temperature was recorded daily with a datalogger or manually using a max./min. thermometer. Daily maximum and minimum temperatures in outdoor treatments were recorded by a nearby weather station.
Manipulations
Expt 1 -Effects of forcing temperature
On 28 February of Year 1, 60 dormant twigs of Betula pubescens were removed from the parent plant, which was growing outdoors in IPG 14. Thus, up to that date, the twigs had been exposed to natural chilling. After collection, the twigs were stored in the dark at 3°C for 16 d, until the start of the experiment (16 March). By this time, the plant's chilling requirement was assumed to have been met. Each twig was cut into a 1-node cutting. The 60 one-node cuttings were split into replicate sets of 10 and transferred into 5 growth cabinets set at 6, 12, 18, 24 and 32°C and an incubator (described by Clifton-Brown & Jones 1999) set at -3°C, maintained at a 16 h light photoperiod.
Expt 2 -Effects of chilling duration and forcing photoperiod
We tested the effects of a range of forcing photoperiods on Betula pubescens budsticks removed from rooted shoots at various stages of chilling accumulation. In late November of Year 2, 10 one-year old IPG clones of B. pubescens, kept in a heated greenhouse, were placed outdoors to receive natural chilling. After chilling durations of 0, 30, 55, or 95 d, 9 budsticks were removed from the tree branches, and each was cut into 4 one-node cuttings. The budsticks were randomly selected from random trees, which meant that a tree could be selected more than once at each sampling time. Then, the budsticks were placed in compost-filled trays and immediately transferred to 4 growth cabinets at 22°C with 10, 12, 14, or 16 h photoperiods. Each of the 16 treatments, i.e. 4 chilling durations × 4 forcing photoperiods, was applied to a replicate set of 9 cuttings. Additionally, the fully chilled, rooted plants that were used for budstick sampling were grown in growth cabinets in the same forcing conditions as those tested on the cuttings (22°C with 10, 12, 14, or 16 h photoperiods) and monitored for 9 mo to establish the critical photoperiod for growth cessation. A total of 64 one-year old IPG clones of Betula pubescens were tested in an incomplete factorial experiment involving the manipulation of photoperiod and temperature during 3 different phases: dormancy induction, endo-and eco-dormancy. This experiment was designed to investigate: (1) the effects of naturally decreasing photoperiod versus constantly short photoperiods during the phase of dormancy induction, (2) the effect of photoperiod (8 vs. 16 h) during chilling and (3) the effect of cold and warm spells during forcing, on budburst timing. In July of Year 3, 32 plants were moved to growth cabinets, where they were kept for 60 d in dormancy-inductive conditions (8 h photoperiod at 18°C). The other 32 plants remained in the greenhouse, where they received natural daylength and an average daily temperature of about 18°C. During this period, daylength decreased naturally from 15.7 to 12.2 h. On 17 September, each set of 32 plants was divided into 2 groups of 16 plants, each receiving the following chilling treatments for 50 d: (1) 8 h photoperiod at 10°C and (2) 16 h photoperiod at 10°C. Subsequently each set of 16 plants was divided into 4 groups of 4 plants, which were placed in 4 different forcing treatments. Three of the treatments were exposed to gradually increasing photoperiods. In these treatments photoperiods were maintained constant for 4 d periods, but were gradually increased from 9 to 16 h over a period of 32 d. Over the 32 d period of lengthening photoperiods, these 3 treatments also received a series of cold and warm spells as follows: (1) alternation of warm (20°C) and cold (10°C) spells lasting 8 d, (2) alternation of cold (10°C) and warm (20°C) spells lasting 8 d, in phase opposition to the first treatment, so as to correspond to different daylengths, and (3) alternation of warm (20°C) and cold (10°C) spells lasting 4 d. The fourth forcing treatment received (4) constant photoperiod and temperature, i.e. a 12 h photoperiod at 15°C. Each of the 16 treatments, i.e. 2 dormancy induction photoperiods × 2 chilling treatments × 4 forcing treatments, was applied to a replicate set of 4 plants.
Statistical analyses
We analysed the response of budburst timing and percentage of budburst to the environmental factors that were varied in each experiment. When rooted shoots were used in the experiments, we analysed their mean time to budburst, which was obtained by averaging the number of days to budburst of each bud (arithmetic mean). When budsticks were used, the number of days to budburst of each budstick was considered. The count of the number of days to budburst was started from the moment of transfer into the forcing treatment. Budburst percentage in rooted shoots was defined as the percentage of buds bursting against the total number of buds on the shoots. For 1-node budsticks budburst percentage was either 0 (nonflushing) or 100% (flushing). When the data for budburst percentage were affected by the loss of experimental material due to desiccation, only the data for budburst timing of healthy buds were used. The rate of forcing (FR) (of interest for its use in phenological models) was obtained by normalising the mean budburst rates measured in Expt 1 (1/mean time to budburst) to 1 at 32°C and fitting these data with a sigmoidal curve of the following equation:
( 1) where T m stands for temperature and a and b are parameters expressing the slope and inflection point of the curve, respectively. The significance of estimated parameters was determined by a t-test.
The data were subjected to 1-way and factorial analysis of variance (ANOVA) to check for significant differences among the means of the days to budburst and budburst percentages measured in the different treatments. Experimental designs with unequal sam- ple sizes were analysed with Type III sum of squares, as suggested by Quinn & Keough (2002) . Unbalanced designs with empty cells were analysed by selecting subsets of the data with observations in all cells in order to test 'balanced' hypotheses for lower-order effects (Quinn & Keough 2002) and by grouping factors together in order to avoid the calculation of interaction effects among factors with incomplete levels. Data from the experiments were tested for deviance from normality and for the homogeneity of variance using Fligner-Killeen's and Levene's tests (Quinn & Keough 2002) . These assumptions were met in Expts 1 and 4, but no homogeneity of variance was found in Expts 2 and 3 (Levene test; p < 0.05). Since, according to Lindman (1974) , the F-statistic is robust against this violation when no significant correlations between means and their variances exist across the cells of the design (Spearman correlation; Expt 2: R = 0.38, p > 0.05; Expt 3: R = 0.01, p > 0.05), parametric statistics were used throughout the entire study.
RESULTS
Expt 1
Forcing temperature had a significant effect on the time to budburst (p < 0.001), with higher forcing temperatures advancing budburst. Times to budburst ranged between 2.1 d at 32°C and 12.1 d at 6°C. No budburst was observed at -3°C. The relationship between the rate of forcing and temperature showed a highly significant sigmoidal pattern (the t-test on model parameters yielded values of p < 0.01) (Fig. 1). 
Expt 2
Buds exposed to longer chilling duration showed a significant decrease in the time to budburst and a significant increase in the percentage of budburst (Tables 2 & 3) .
The forcing photoperiod had a significant effect on budburst percentage and an almost significant effect (p = 0.051) on the time to budburst (Table 2) . Longer photoperiods during the forcing period increased the percentage of budburst and decreased the time to budburst. There was also an interaction between chilling duration and the subsequent forcing photoperiod on the percentage of budburst ( Table 2 ). The critical photoperiod promoting bud growth during forcing decreased with increasing exposure to chilling. This critical photoperiod decreased from 12-14 h for unchilled buds to 10 h or less for buds exposed to 95 d of natural chilling (Table 3) . After the longest chilling treatment (95 d), the rooted trees used for this experiment were transferred to the growing cabinets with the cuttings (1 plant in the 10 h photoperiod, 3 plants in each of the 12, 14 and 16 h photoperiods) to check their critical dormancy induction photoperiod. After resuming vegetative growth, the trees kept growing at photoperiods above 12-14 h, but entered dormancy after 3-4 mo when grown at photoperiods below 12-14 h.
Expt 3
Expt 3 showed a significant interaction between dormancy induction duration or temperature and exposure to chilling on the percentage of budburst (Table 4) . Exposure to low temperature during dormancy induction increased the percentage of budburst in chilled compared to unchilled plants (Fig. 2) . When considering only chilled plants, dormancy induction temperature and duration were found to have a significant effect on both timing and percentage of budburst (Table 4) . Lower dormancy induction temperature decreased the time to budburst and increased the percentage budburst in subsequently chilled plants (mean percentage of budburst increasing from 37 to 61% and mean time to budburst decreasing from 25 to 21 d, when comparing the 10 and 18°C treatments). Longer dormancy induction duration had the same general effect, with mean percentage of budburst increasing from 20 to 70% and mean time to budburst decreasing from 27 to 20 d, as dormancy induction was extended from 30 to 60 d.
In line with Expt 2, budburst percentage and timing were significantly affected by exposure to chilling temperatures (Table 4 ). In addition, there was significant interaction between exposure to chilling and dormancy induction conditions. Exposure to chilling de- Fig. 1 . Betula pubescens. Relationship between forcing rate (mean budburst rates normalised to 1 at 32°C) and mean forcing temperature. The relationship was fitted with a sigmoidal curve with the equation: rate of budburst = 1/1 + e 0.174 (T m -18.5) , where T m is temperature in the forcing treatments creased budburst percentage and increased time to budburst in birch plants exposed to short and warm dormancy induction, while it increased budburst percentage and decreased time to budburst in birch plants receiving long or cold dormancy induction.
The photoperiod received during the chilling treatment had no significant effect on either budburst percentage or timing (Table 4) .
Expt 4
In Expt 4, the photoperiod during the phase of dormancy induction had a significant effect on the timing and percentage of budburst (Table 5) . A larger percentage of budburst and a shorter time to budburst were observed in plants exposed to a constant, short photoperiod during dormancy induction (78% and 34 d), compared to those that received a naturally decreasing photoperiod (52% and 40 d). In line with Expt 3, the photoperiod received during the chilling treatment had no significant effect on either budburst percentage or timing (Table 5 ). The application of cold and warm spells during forcing did not affect the time to budburst compared to average temperature (Table 5) .
DISCUSSION
The results from Expt 2 suggest that in ecodormant buds, the interactions between photoperiod and previous chilling exposure are more complicated than previously thought. Various studies have shown an interaction between photoperiod and duration of exposure to chilling conditions on budburst timing (Heide 1993 , Myking & Heide 1995 , Partanen et al. 2005 , in which LDs promoted growth in birch after partial chilling exposure. Myking & Heide (1995) hypothesised that LDs acted as a substitute for chilling in partially chilled plants. However, our results showed that the critical growth-promoting photoperiod in partially chilled birch buds was not constant, but decreased upon increasing chilling exposure. In addition, the photoperiod received during the chilling treatment (at 10°C) was found to have no effect on 7.9 ± 0.8 100.0 ± 0.000 14 7.3 ± 0.7 100.0 ± 0.000 16 7.8 ± 0.8 100.0 ± 0.000 budburst, indicating that chilling efficiency relies exclusively on temperature. Thus, chilling acted quantitatively on birch photoperiod sensitivity, rather than the reverse. Previous attempts to integrate photoperiod into models of budburst have introduced daylength as an additive or multiplicative factor affecting the rate of chilling (Campbell & Sugano 1975 , Kramer 1994 . However, our results suggest that photoperiod sensitivity should be represented through a chilling-dependent function affecting the rate of forcing, rather than a photoperiod-dependent function affecting the rate of chilling. This changing photoperiod sensitivity seems different from the induction of dormancy by ShD, in which critical photoperiod is a constant trait under genetic control (Frewen et al. 2000) . This effect should be integrated into predictive models of budburst, as it may improve their realism and accuracy. It could become important for scenarios in which milder winters do not completely fulfil the plant's chilling requirements. The large variation in both the time to budburst and percentage budburst for partially chilled treatments is striking, given the homogeneous environmental and genotypical conditions of each treatment. This variation is due to phenological asynchrony among clones, as can be seen in Table 5 (standard errors of the means of Expt 2) and in Fig. 2 (error bars for unchilled treatments and short dormancy induction treatments of Expt 3). Such large variation in budburst timing and percentage might be an effect of increased stress on plants undergoing conditions conducive to growth resumption after an incomplete endodormancy release. It has been reported previously that unfavourable environmental conditions lead to developmental instability within the same individual (Freeman et al. 1999) . Phenological asynchrony in clones undergoing stressful environmental conditions has also been reported by Alizoti et al. (2010) in Pinus nigra. The results of Expt 3 confirmed the previously shown cumulative effect of short photoperiod on dormancy onset (Welling et al. 1997 , Li et al. 2003 , as increasing exposure to ShDs during the dormancy induction treatment decreased growth competence until endodormancy was reached. This effect was shown by a decrease in the percentage of budburst of unchilled buds as dormancy induction duration was extended from 30 to 60 d (Fig. 2) . In addition, this behaviour was enhanced by low temperatures, which triggered a faster endodormancy than Comparison of the phenology of Betula pubescens of different origins has shown that the critical daylength for growth cessation in B. pubescens varied depending on the latitude of origin and was generally longer for birch populations from more northerly sites (Håbjørg 1972) . In our case, the observation that birch grew indefinitely in a 14 h photoperiod, but not in a 12 h photoperiod, suggested that the critical photoperiod for growth cessation and dormancy induction was between 12 and 14 h for this particular birch clone. Endodormant birch plants (long dormancy induction at high temperature) receiving 50 chilling days at 10°C were able to grow once transferred to forcing conditions, with 67% budburst (Expt 3). On the other hand, birch plants receiving short dormancy induction at high temperature, which were not dormant at the time of transfer into the chilling treatments (the unchilled batch was still able to grow, as shown in Fig. 2 ), presumably completed the fulfilment of their dormancy induction requirements under the chilling treatments, and this delayed the start of chilling accumulation. As a result of this effectively shorter chilling time, trees were not able to grow when transferred to forcing conditions, with only 7% budburst observed. Thus, the chilling requirements of this birch clone are likely to be around or lower than 50 d at 10°C. This requirement is relatively small, and, in a northern temperate climate, it is likely to be fulfilled before the start of winter (21 December). This highlights the fact that, in natural conditions, endodormancy is necessary for overcoming autumn warm spells that could trigger growth before winter, while, during the coldest months, ecodormant buds rely on ShDs and low temperatures as environmental signals to prevent budburst. While a temperature of 10°C was still low enough to break endodormancy (Expts 3 & 4), previous studies suggested that the upper threshold of active chilling temperatures is <12°C for birch (Myking & Heide 1995) and 15°C for Douglas fir (Harrington et al. 2010) . Thus, the upper threshold for active chilling temperatures is likely to be between 10 and 15°C.
Both the present results and previous studies (Sarvas 1974) support the use of a sigmoidal function for describing the rate of forcing in phenological models. However, the effect of temperatures > 30°C on bud growth during ecodormancy has rarely been tested; thus, it is unclear whether this response is truly sigmoidal or unimodal. This response is a critical trait to evaluate the risk of frost damage, since frost resistance is correlated to bud development and, to date, little information is available on its form for different species (Hänninen 2006) . Therefore, the function parameterised in the present study (Fig. 1) provides important information when evaluating the impacts of climate warming on birch stands.
Warm and cold spells applied during ecodormancy at gradually increasing photoperiod length did not significantly affect the timing of budburst, when compared to plants receiving constant temperature and photoperiod. However, because the 2 factors were manipulated simultaneously, the interpretation of the results was confounded. Studies testing the effect of fluctuating day/night temperatures during forcing have provided contradictory results. While they promoted budburst in Pseudotuga menziesii (Campbell & Sugano 1975) and Picea abies (Nienstaedt 1966 ), they did not affect Betula pubescens (Myking 1997) . However, the different lengths of the temperature cycles applied in our study (8 and 16 d cycles vs. diurnal cycles), made a meaningful comparison with previous studies difficult.
CONCLUSIONS
The present study investigated the single effects and interaction of temperature and photoperiod on the rates of dormancy induction and release in birch through a series of inter-comparable experiments in controlled environments. On the basis of these results and previous studies, we propose a conceptual model of budburst for Betula pubescens as follows.
(1) Endodormancy is mainly induced by ShDs, which act cumulatively and the effect of which is enhanced by low temperatures. The critical dormancy induction duration is slightly above 30 ShDs at 10°C, longer at higher temperatures. (2) Growth competence is absent or very low below a critical amount of chilling (exposure to temperatures <10-15°C), which is around 50 d at 10°C. (3) The rate of chilling is solely dependent on temperature and not affected by photoperiod. (3) After fulfilment of the chilling requirement, increasing exposure to chilling temperatures progressively increases growth competence (and thus the growth rate at a given forcing temperature), decreasing the time to budburst down to a minimum (full growth competence). (4) During the progress from minimum to full growth competence, photoperiod above a critical threshold promotes budburst. This threshold is not constant, but decreases upon increasing chilling exposures. (5) The rate of forcing can be described by a positive sigmoidal function of mean daily temperature.
This model was formalized by Caffarra et al. (2011, this issue) , who developed a predictive, process-based model of budburst for birch, the parameter values of which were partly fixed using the information from these experiments and partly fitted using existing phenological series of birch budburst.
The present findings bring to our attention the dynamic nature of the critical photoperiod necessary for growth resumption after partial chilling exposure. This response has not previously been reported, and is important for the development of biologically realistic models of budburst for this species. More experimental studies and molecular investigations could improve our knowledge of the mechanisms underlying this changing photoperiod sensitivity.
Nonetheless, the small sample size and the use of 1-node cuttings and newly rooted cuttings, as opposed to whole trees, suggest that caution is warranted when interpreting these results. Whereas rooted cuttings and trees grown from seeds show a similar phenology and growth rate in a number of tree species (Ritchie et al. 1992 , Sasse & Sands 1996 , Jurasek 2007 , 1-node cuttings might show shorter times to budburst compared to whole trees, due to the lack of correlative inhibition (Chao et al. 2007 ). In addition, as these experiments concerned a specific birch clone, the functions and thresholds parameterised in the present study should not be generalised to natural birch populations before their preliminary validation.
In order to obtain more precise information on the physiology of dormancy, more experimental studies are required on large numbers of trees, testing the effect of environmental drivers on the transition from a dormant to a non-dormant state. An understanding of these processes is fundamental to the development of realistic process-based models of tree phenology and in assessing the impacts of any future change in climate. 
